Hibernation in mammals requires a metabolic shift away from the oxidation of carbohydrates and toward the combustion of stored fatty acids as the primary source of energy during torpor. A key element involved in this fuel selection is pyruvate dehydrogenase kinase isoenzyme 4 (PDK4). PDK4 inhibits pyruvate dehydrogenase and thus minimizes carbohydrate oxidation by preventing the flow of glycolytic products into the TCA cycle. This paper examines expression of the PDK4 gene during hibernation in heart, skeletal muscle, and white adipose tissue (WAT) of the thirteenlined ground squirrel, Spermophilus tridecemlineatus. During hibernation PDK4 mRNA levels increase 5-fold in skeletal muscle and 15-fold in WAT compared to summeractive levels. Similarly, PDK4 protein is increased 3-fold in heart, 5-fold in skeletal muscle, and 8-fold in WAT. High levels of serum insulin, likely to have an inhibitory effect on PDK4 gene expression, are seen during fall when PDK4 mRNA levels are low.
INTRODUCTION
Profound changes in body temperature, metabolism and heart rate allow hibernating mammals to survive seasonally cold environments for periods of several months with little or no food. To accomplish this feat, individual organ systems undergo metabolic rate depression, minimize the use of carbohydrates and switch to stored triacylglycerols as their primary source of fuel (reviewed in 20). In the absence of feeding, conservation of glucose for utilization by the brain becomes essential for survival and is controlled by inhibition of the mitochondrial pyruvate dehydrogenase complex (23) . In hibernating golden mantled ground squirrels, Brooks and Storey (6) observed a 96% reduction in cardiac pyruvate dehydrogenase activity during hibernation. In the hearts of Djungarian hamsters, Heldmaier et al. (16) showed that inactivation of pyruvate dehydrogenase closely correlates with metabolic rate reduction seen during daily torpor. Regulated long-term inhibition of pyruvate dehydrogenase activity is the result of phosphorylation of the pyruvate dehydrogenase complex by the activity of various isoenzymes of the pyruvate dehydrogenase kinase family (4) .
In this paper we address the regulation of the gene encoding pyruvate dehydrogenase kinase isoenzyme 4 (PDK4) in the hibernating thirteen-lined ground squirrel, Spermophilus tridecemlineatus. We previously identified PDK4 as an upregulated gene in the ground squirrel heart during hibernation (1) . Inhibition of pyruvate dehydrogenase by PDK4-mediated phosphorylation reduces glucose oxidation by preventing the conversion of pyruvate to acetyl-CoA and CO 2 , thus stopping the flow of glycolytic intermediates into the TCA cycle (24) . PDK4 mRNA exhibits its highest levels of expression in heart and skeletal muscle in both humans (24) and rats (4) . More moderate levels are also seen in brain, placenta, lung, liver, kidney and pancreas in humans (24) and in lung, liver, and kidney in rats (4) . Among the PDK isoenzymes, expression of PDK4 appears to be the most responsive to physiological change (reviewed in 15). Starvation (30-33) and diabetes (31, 33) are two conditions that stimulate PDK4 expression and show physiological characteristics related to the hibernating state.
Here we report on PDK4 gene expression in ten different ground squirrel tissues and quantify mRNA and protein levels in those tissues showing the highest levels of expression: heart, white adipose tissue (WAT), and skeletal muscle from the thigh (quadriceps femoris). Our analysis begins in late summer and continues through the hibernation season to spring arousal when the animal resumes its activities. We also explore the regulation of PDK4 by examining the seasonal expression of insulin. Insulin is a key metabolic hormone that stimulates glucose uptake from the blood, activates glycogen synthase, inactivates glycogen breakdown and stimulates the storage of excess fuel as fat. In diabetic rats an increase in insulin concentration has been shown to reduce the levels of both PDK4 protein and mRNA in heart and skeletal muscle (31, 33).
We have measured insulin levels during hibernation, cloned the ground squirrel insulin cDNA and measured insulin gene expression in the pancreas throughout the hibernation season. These determinations have allowed us to contrast levels of PDK4 mRNA and protein with insulin mRNA and protein at various times of the year such as summer when the heartbeat is rapid (200-300 beats/min) and legs are flexing, versus deep hibernation when the heart rate slows (2-10 beats/min) and the legs are inactive.
Based on the results described in this paper, and other recent studies on PDK4 regulation, we propose a regulatory mechanism that accounts for the switch from PG-00076-2001.R1 5 carbohydrate to fatty acids as the primary source of fuel during hibernation.
MATERIALS AND METHODS

Animals
Animal care and use was in accordance with Institutional Animal Care and Use Committee guidelines. Thirteen-lined ground squirrels (Spermophilus tridecemlineatus)
were received from TLS research (Bartlett, Illinois) within 3-4 days of wild capture during the first week of August. Active August animals were maintained with water and sacrificed within 24 hours of arrival from the supplier. All other animals were maintained in captivity on a diet of standard rodent chow supplemented with sunflower seeds and water ad libitum. All squirrels were maintained at 23°C in August, 17°C in September, 11°C in October and 5°C from November through mid-March.
Animals were housed in a 12-12hr light-dark cycle from August through the end of October. During hibernation from November to mid-March the animals were housed in total darkness with only water ad libitum. Squirrels were observed daily during these months and hibernation patterns were determined using the sawdust technique (22) .
Hibernating animals were at least in day 2 of a torpor bout when sacrificed and animals in interbout arousal (IBA) were collected after at least three previous hibernation bouts of 8 days or more. IBAs are naturally occurring interruptions of the dormant state when hibernating animals raise their body temperatures and show brief periods of activity (29). The time of sacrifice within an IBA was not determined. Hibernating animals sacrificed in October were often in their first torpor bout of the season, while hibernating animals collected from December through early March had experienced at least three previous torpor bouts of 8 days or more. The hibernation phase of the study was concluded in mid-March by increasing room temperature to 23°C, re-establishing 12-hr dark:12-hr light cycle, and providing a diet of standard rodent chow and sunflower seeds ad libitum. Rectal temperatures were measured at the time of sacrifice.
Ground squirrel tissue was promptly removed and frozen immediately in liquid nitrogen. Pancreatic tissue was immersed directly in ice-cold guanidinium isothiocyanate, and RNA was prepared immediately due to high levels of RNase activity in the pancreas. Whole blood was stored on ice, serum was prepared promptly, distributed into aliquots, frozen in liquid nitrogen and stored at -80°C until time of assay.
RNA Isolation
Total RNA was prepared from ground squirrel tissues using the method described by Andrews et al. (1) or by a modification of the protocol provided with the Totally RNA kit from Ambion. For the latter method, all solutions were from the Totally RNA kit. The tissue was homogenized with a rotary-blade homogenizer in guanidinium isothiocyanate. The WAT homogenate was subjected to an initial centrifugation for 10 minutes at 3000×g after which the glycerol and lipid layer was removed. The homogenate for all tissues was extracted with phenol:chloroform:isoamyl alcohol (25:24:1) followed by addition of sodium acetate to a final concentration of 0.2M. This mixture was extracted once more with acidphenol:chloroform (1:1). All extractions were performed using phase lock tubes (Eppendorf) at 4500×g in a swinging bucket rotor. The aqueous layer was divided into aliquots and stored as isopropanol precipitates. Individual aliquots were centrifuged, rinsed with 70% ethanol, dissolved in water, and quantified by absorption spectrophotometry.
Northern Blots
Total RNAs from designated tissues of active and hibernating thirteen-lined ground squirrels were separated on agarose gels containing formaldehyde followed by transfer onto MagnaCharge nylon membranes (Osmonics) using 10× SSPE according to Sambrook et al. (25) . The multi-tissue blot used to examine PDK4 mRNA levels in ten different hibernating tissues utilized 15 µg total RNA per lane. Individual heart, WAT, and skeletal muscle blots used to examine PDK4 mRNA levels at various time points throughout the hibernation season, utilized 8 µg total RNA per lane. These Northern blots were hybridized with a 32 P-random primed-labeled (8, 9) PDK4 cDNA (accession AF020845). Pancreas Northern blots used for detecting insulin mRNA contained 10 µg of total RNA per lane. These blots were hybridized with a 32 P-end-labeled (25) insulin oligonucleotide (5'TTGCAGTAGTTCTCCAGCTGGTAGAGGGAGCAGATG3').
RNA integrity was examined using a 1% agarose, 1X TAE non-denaturing gel stained with ethidium bromide. Loading and integrity of RNA on Northern blots were examined by hybridization with a 32 P-end-labeled (25) 18S rRNA oligonucleotide (5'CGACTTTTACTTCCTCTAGATAGTCAAGTTCGAC3'). Oligonucleotide sequences for insulin and 18S rRNA were constructed from conserved domains for each gene product as determined by multi-sequence alignment with several mammalian homologs. PDK4 and insulin mRNA levels were determined by a STORM phosphorimager using ImageQuant software (Molecular Dynamics).
Library Construction
A pancreas cDNA library was constructed from pancreatic poly (A) + mRNA isolated from both a hibernating and an active thirteen-lined ground squirrel. A directional cDNA library was created using the Superscript Plasmid System for cDNA Synthesis and Plasmid Cloning (Gibco BRL-Life Technologies) according to the manufacturer's protocol. The library was screened for the insulin cDNA using the 32 Pend-labeled insulin oligonucleotide described in the Northern Blots section above.
Serum Insulin Assay
Whole blood collected at sacrifice was spun at 3500×g for 10 min, partially purified serum was transferred to 1.5 ml tubes and spun at 3500×g for 15 min at 4°C.
Serum was divided into aliquots, frozen in liquid nitrogen and stored at -80°C until time of assay. Serum was thawed on ice and the insulin concentration was determined by radioimmunoassay (Rat Insulin RIA Kit, Linco). The minimal detection limit of the serum insulin assay is 0.1 ng/ml. Two different concentrations of purified rat insulin provided by the manufacturer served as quality controls. We measured the concentration and standard deviation of the control samples by replication before beginning the assays. Experimental assays contained ground squirrel serum samples and the quality controls. In this manner we assured ourselves that any assay is repeatable, because both of the quality control values were within two standard deviations. Samples from the same animals were performed in duplicate and the difference between the duplicates was less than 10%.
Western Blots
Protein from WAT, heart, and skeletal muscle (quadriceps femoris) was prepared as acetone powder (14) . Powders were solubilized in 0.2M Tris-HCl (pH 9.2) and 1M ethylene glycol and reconstituted by gentle agitation for 2-3 hrs at 4°C. The total solubilized protein concentration was determined by Bradford assay using dye reagents from Bio-Rad laboratories. 10 µg of solubilized protein was boiled in loading buffer ( 
Statistical Analysis
For Northern blots, loading was normalized by 18S rRNA and relative values determined by comparison to the average August value. For Western blots, an equal amount of soluble protein was loaded for each sample and relative PDK4 protein levels were then determined by comparison to the average August amount. For serum insulin levels, absolute concentrations were used for statistical comparisons. One-way
ANOVAs were used to determine significant differences in levels when compared with
August active values. The ANOVA calculations were preformed using version 7.1 of the SAS system (SAS Institute, Cary, NC).
RESULTS
During hibernation in the thirteen-lined ground squirrel (Spermophilus tridecemlineatus) PDK4 mRNA was seen at low levels in the adrenals, brainstem, cerebrum, kidney, liver, pancreas, and testes; and at much higher levels in heart (1), skeletal muscle and WAT (Fig. 1A) . PDK4 mRNA was also detected during hibernation in the heart of the golden-mantled ground squirrel (S. lateralis) and in arctic ground squirrel (S. parryii) heart and WAT (data not shown). Our investigation of PDK4 expression in thirteen-lined ground squirrels was conducted throughout the hibernation season to determine if there was evidence for common regulation among the three tissues showing the highest mRNA levels. Total RNA from heart, skeletal muscle from the thigh (quadriceps femoris), and abdominal WAT were prepared from individual animals at various states of activity from August through March.
Expression of the PDK4 gene was similar in heart, skeletal muscle and WAT throughout the year (Fig. 1B) . PDK4 mRNA levels were relatively unchanged until the animal entered hibernation in October. Hibernating animals in October showed a slight non-significant increase in expression in all three tissues relative to August values as shown graphically for skeletal muscle ( Fig. 2A) and WAT (Fig. 2B) . Later in the hibernation season (December through March) there was a further increase in mRNA levels, with the greatest increase relative to August values seen during interbout arousals (IBAs). After hibernation ceased in the spring, PDK4 message dropped back to near August levels. In skeletal muscle, PDK4 message was increased 5-fold during hibernation and 7-fold during IBAs, when compared to August active values (P<0.01; Fig. 2A ). In WAT, there was a 15-fold increase in PDK4 mRNA during hibernation and a 20-fold increase during IBAs (P<0.05; Fig. 2B ). Relative levels of PDK4 mRNA in heart were quantified previously (1) and closely resemble those seen in WAT.
Western blot analysis using antiserum against rat PDK4 (a gift from R.A. Harris) was employed to measure thirteen-lined ground squirrel PDK4 protein levels in heart, skeletal muscle and WAT (Fig. 3) . PDK4 protein levels in these three tissues were consistent with their mRNA profiles. In active August animals, PDK4 protein was found at low levels within heart and skeletal muscle, but was barely detectable in WAT.
When compared to August squirrels, PDK4 protein declined significantly in hearts from active September-October animals (P<0.01) and then increased 3-fold in hibernating hearts (P<0.01; Fig. 4A ). In skeletal muscle, PDK4 protein remained relatively unchanged from August until entrance into hibernation when its level increased 5-fold (P<0.05) and reached its maximum during IBAs (P<0.01; Fig. 4B ). In WAT, PDK4
protein increased 2-fold (P<0.05) in September-October animals and 8-fold (nonsignificant) in hibernating animals (Fig. 4C) . When comparing hibernating and nonhibernating animals sacrificed on the same day in October, the hibernating animal has an elevated level of PDK4 protein in all three tissues (Fig. 3) . This difference was most evident in WAT in which the PDK4 protein, barely detectable during summer and fall, was seen at high levels after animals entered hibernation in October and then remained high during hibernation (Fig. 3C) . After hibernation concluded in spring, the relative concentration of PDK4 protein dropped to summer levels in all three tissues examined (Figs. 3 and 4) .
The coordinate expression of PDK4 in different tissues during hibernation prompted us to measure circulating insulin levels because of the long-standing observation that insulin has a controlling influence on pyruvate dehydrogenase kinase activity (17) . More recent experiments with rat hearts (33) and skeletal muscle (31) have shown high levels of PDK4 mRNA were induced in animals rendered diabetic by treatment with an antibiotic that destroys the insulin-producing capacity of the pancreas. Administration of insulin to these diabetic rats lowered PDK4 mRNA back to control levels. In ground squirrels, we found the serum insulin concentration below 1 ng/ml for most of the year except during September and October when the insulin concentration was increased 4-fold (P<0.01) compared to August active animals (Fig.   5A ). When serum insulin is highest in September-October, active animals show significantly lower PDK4 protein levels in heart when compared to August animals, and all three tissues show lower PDK4 levels than hibernating animals (Fig. 4) .
A full-length insulin cDNA (Accession number AY038604) was isolated from a thirteen-lined ground squirrel pancreatic cDNA library derived from hibernating and non-hibernating animals. Ground squirrel preproinsulin is 110 amino acids long and 89% identical to the unprocessed human protein (Accession number P01308). To investigate insulin gene expression, total RNA from pancreas was prepared from individual animals at various states of activity from August through June, immobilized on Northern blots and probed with an end-labeled oligonucleotide complementary to mammalian insulin mRNA (Fig. 5B) . Examination of insulin expression in the pancreas across the hibernation season revealed that mRNA levels within the pancreas did not correlate with serum insulin concentrations. When serum insulin levels were near their lowest point in December-January hibernating animals ( Fig. 5A) , insulin mRNA was up-regulated 4-fold (P<0.05) compared to summer active animals (Fig. 5C ). Elevated levels of insulin mRNA in the pancreas during hibernation may be held in reserve so that insulin protein can be released when needed such as resumption of feeding and subsequent glucose utilization at spring arousal. (Fig. 6) showing how changes in serum insulin and fatty acid levels regulate PDK4 expression and ultimately the switch from carbohydrate-to fat-based catabolism during hibernation. Figure 6 extends our previous model (27) on the regulation of genes controlling metabolism during hibernation, and is based on results reported in this paper and recent experimental findings described in the following paragraphs.
DISCUSSION
Injection of insulin into diabetic rats has been shown to reduce the levels of both PDK4 protein and mRNA in heart and skeletal muscle (31, 33). In thirteen-lined ground squirrels we found high levels of serum insulin in fall active animals coincide with low levels of PDK4 expression in heart, skeletal muscle, and WAT. An exception is seen in hibernating October animals when the level of PDK4 mRNA increases while the concentration of serum insulin remains high. Despite the lack of feeding, high serum insulin levels in October persist for the first few days after hibernation begins and may be the result of reduced insulin turnover due to low body temperatures (12-13°C). The increase in PDK4 mRNA is probably due to a competing PDK4-activation pathway ( Fig.   6 ; described below), and/or by the onset of insulin resistance like that observed in another hibernator, the yellow-bellied marmot (Marmota flaviventris; 10). Insulin resistance is a reduction in the ability of insulin to regulate glucose homeostasis, causing an increase in serum insulin or hyperinsulinemia. Florant and colleagues (10) suggest that hyperinsulinemia and peripheral insulin resistance are maximal as the animal ceases to feed and enters hibernation.
Our observation that levels of serum insulin increase in active fall animals (September-October), and then decline to less than 1 ng/ml in hibernating DecemberJanuary animals, is also seen in the yellow-bellied marmot (28). Seasonal insulin concentrations in the marmot are similar to those shown in Figure 5A for thirteen-lined ground squirrels. Despite the depressed serum insulin levels in December-January, we found that insulin mRNA levels in the pancreas are the highest in hibernating animals collected December through March ( Figure 5C ). This observation is analogous to high insulin protein levels retained in the pancreas of the hibernating little brown bat (Myotis lucifugus; 3). During hibernation the level of bat insulin protein steadily increases in the pancreas, reaching its maximal level just prior to spring arousal. Bauman (3) Natural PPAR-activating ligands include long-chain free fatty acids, such as linoleic acid, linolenic acid, and arachidonic acid (18) . Elevated levels of fatty acids are observed in serum both prior and during hibernation (11, 13) . This elevation is likely a consequence of increased food intake in the months leading up to hibernation when the animal is fattening and preparing for dormancy. In thirteen-lined ground squirrels, elevated serum fatty acid levels can also result from pancreatic triacylglycerol lipase- 
